Background: Major depressive disorder (MDD) may be associated with oxidative damage to lipids, which can potentially affect mood-regulating pathways. This meta-analysis summarizes current knowledge regarding lipid peroxidation markers in clinical samples of MDD and the effects of antidepressant pharmacotherapy on those markers. Methods: MEDLINE, EMBASE, CINAHL, PsycINFO, and Cochrane Collaboration were searched for original, peer-reviewed articles measuring markers of lipid peroxidation in patients with MDD and nondepressed healthy controls up to April 2015. Standardized mean differences (SMDs) were generated from random effects models summarizing mean (± standard deviations) concentrations of selected markers. Results: Lipid peroxidation was greater in MDD than in controls (studies =17, N=857 MDD/782 control, SMD =0.83 [0.56-1.09], z=6.11, P,0.01, I 2 =84.0%) and was correlated with greater depressive symptom severity (B=0.05, df=8, P,0.01). Antidepressant treatment was associated with a reduction in lipid peroxidation in MDD patients (studies=5, N=222, SMD=0.71 [0.40-0.97], P,0.01; I 2 =42.5%). Limitations: Lipid peroxidation markers were sampled from peripheral blood, included studies comparing MDD to controls were all cross-sectional, and only five antidepressant treatment studies were eligible for inclusion. Conclusion: Increased lipid peroxidation was associated with MDD and may be normalized by antidepressants. Continued investigation of lipid peroxidation in MDD is warranted.
Introduction
Major depressive disorder (MDD) is a serious psychiatric illness with a lifetime prevalence of 12% in the adult population. 1 MDD confers substantial reductions in psychological and physical well-being, 2 and is associated with a significant socioeconomic burden. 3 Treatment of MDD with selective serotonin or norepinephrine reuptake inhibitors or other currently available antidepressants is modestly effective (response rates of 26%-63%); 4, 5 however, relapse frequently occurs and several antidepressant trials may be needed in order for symptom remission to be achieved. 4, 5 As such, the elucidation of novel therapeutic targets for MDD is an active area of research (reviewed in Sibille and French 6 ). Oxidative stress is emerging as a relevant mechanism as it is related to the overarching inflammatory/immune activations associated with MDD. [7] [8] [9] Oxidative stress begins when the production of reactive oxygen species is not sufficiently balanced by antioxidant species, which neutralize them (reviewed in Andreazza 10 ). For example, the generation of a superoxide anion, a powerful reactive oxygen species, is typically neutralized by the antioxidant enzyme superoxide dismutase to protect the cell from oxidative stress; however, excessive concentrations of superoxide may overwhelm Lipid peroxidation begins with the addition of a hydroxyl radical to an unsaturated lipid, generating a lipid hydroperoxide (early-stage lipid peroxidation). 11 Lipid hydroperoxides may be neutralized by lipid-specific antioxidants such as glutathione peroxidase or vitamin E, or general antioxidants such as vitamin C, glutathione, vitamin A, and other carotenoids. If lipid hydroperoxides overwhelm the antioxidant system, they may continue reacting to form late-stage lipid peroxidation products such as 4-hydroxynonenal, malondialdehyde, or 8-isoprostane. 11 Peroxidated lipids may not only exacerbate oxidative stress directly, they may also influence a shift in lipid signaling, monoamine regulation, inflammatory pathways, and autoimmune activity through the formation of immunogenic neoepitopes, which may collectively contribute to the pathophysiology of MDD. 9, [12] [13] [14] The roles of lipid peroxidation markers in the etiology of clinically-defined MDD uncomplicated by comorbid illnesses, as well as the effects of antidepressant pharmacotherapy on those markers, have yet to be quantitatively summarized at the group or individual marker level, which may help to clarify mechanisms. This meta-analysis summarizes the differences in lipid peroxidation markers between MDD patients and healthy controls, as well as the effects of antidepressant pharmacotherapy on those markers in patients with MDD.
Methods

Data sources
Methodology was consistent with PRISMA guidelines. 15 MEDLINE, EMBASE, PsycINFO, Cochrane Collaboration, AMED, and CINAHL were searched up to April 2015. The search strategy is detailed in Table S1 . Briefly, lipid peroxidation markers (malondialdehyde, lipid hydroperoxides, 4-hydroxynonenal, isoprostanes, etc) were itemized and searched for in the context of depression. Data that could not be retrieved from reports were sought through contact with study authors. Reference lists of retrieved studies were searched for additional reports.
Study selection
The literature search provided a comprehensive list of studies, which collectively enabled the meta-analysis of lipid peroxidation markers in MDD and the effects of antidepressant pharmacotherapies on those markers in MDD patients. Inclusion criteria for this meta-analysis were: 1) studies reporting quantifiable measurements of lipid peroxidation in plasma, serum, or cell membrane (details in Table S1 ); 2) the inclusion of a depressed group as diagnosed by recognized criteria such as the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV or V) 16, 17 or the International Classification of Diseases 10 Classification of Mental and Behavioural Disorders; 18 and 3) the inclusion of a medically and psychiatrically healthy control group. Studies comparing lipid peroxidation in depressed patients and healthy controls cross-sectionally as well as studies comparing those markers at the baseline visit of a longitudinal interventional study were captured by our search strategy and were included in this meta-analysis. Studies were excluded if they did not confirm the presence of a unipolar depressive episode using standardized criteria (as mentioned earlier), and/or if they reported on depression secondary to another psychiatric disorder (eg, depressive symptoms in those with bipolar disorder or schizophrenia), neurological disorder (eg, depressive symptoms in those with dementia, Parkinson's disease, stroke, etc), or medical disorder (eg, depressive symptoms in those with coronary artery disease, diabetes mellitus, etc). Studies were not limited by language.
Data extraction
Two independent reviewers examined each retrieved article for eligibility. Results were compared between reviewers and disagreements were settled by consensus with a third reviewer. The methods and results sections of each included article were analyzed: plasma, serum, or cell-membrane concentrations of lipid peroxidation markers (mean ± standard deviation) for both the depressed and healthy control groups were extracted as well as participant characteristics (mean age, percentage male, depression severity, smoking, and antidepressant use), tissue sampled (plasma, serum, or cell), and marker species (malondialdehyde, lipid hydroperoxides, 4-hydroxynonenal, isoprostanes, etc).
In a subanalysis of relevant included studies, the effects of antidepressant pharmacotherapy on lipid peroxidation markers over time were explored. Studies included in the subanalysis were required to provide pre-and post-treatment concentrations of a lipid peroxidation marker. Study characteristics (antidepressant class, specific medication, duration of treatment, etc) and depressive symptom severity scores pre-and post-treatment were also collected. Markers measured by two or more studies were meta-analyzed.
Statistical analyses
Standardized mean differences (SMDs) and 95% confidence intervals were calculated using random effects models. 
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Lipid peroxidation in major depression Random effects models adjust for variable underlying effects in estimates of uncertainty, including both within-and between-studies variance, and are preferable if significant heterogeneity is expected and/or observed across studies. If concentrations of oxidative stress markers were reported from more than one source (plasma, serum, and/or cell membrane), the mean and standard deviations for each sample were pooled 20 and the resultant pooled mean and standard deviation were included as that study's contribution to the meta-analysis of that particular marker.
Heterogeneity across included studies was summarized by a Q statistic, calculated in chi-square analysis. A significant Q statistic indicates heterogeneity in the characteristics of the included studies. An inconsistency statistic, assessed using an I² index, 21 determined the impact of heterogeneity on meta-analytic findings. To identify potential sources of heterogeneity, subgroup analyses were carried out based on participant characteristics, sample source, and intervention characteristics for those studies with antidepressant interventions. Study level inverse variance weighted metaregression analyses were conducted to investigate relationships between SMDs and population characteristics (eg, mean age, percentage male, depressive symptom severity). Regression data were summarized using unstandardized regression coefficients (B) and 95% confidence intervals.
Risk of publication bias was assessed visually using funnel plots and quantitatively using Egger's test. 22, 23 Study quality items were assessed using items selected from the Newcastle-Ottawa Scale and the Cochrane Collaboration's risk of bias assessment tool to address key methodological criteria relevant to included studies. Studies not meeting the majority of reporting quality items were excluded from analyses in a subanalysis to identify potential sources of heterogeneity. SMDs, heterogeneity, metaregression, and bias were determined using Stata (Release 10.1; StataCorp LP, College Station, TX, USA).
Results
Literature search results
The search strategy was not limited by language and identified 1,523 unique articles of which 17 met the inclusion criteria ( Figure S1 ). Study designs and participant characteristics of the meta-analyzed studies are summarized in Table 1 .
All included studies provided accessible means and standard deviations for at least one lipid peroxidation marker in both depressed and nondepressed groups. In keeping with the inclusion and exclusion criteria of this meta-analysis, none of the included studies consisted of depressed patients with psychiatric, neurological, or medical comorbidities and controls were all free of those illnesses as well.
In the meta-analysis of depressed patients compared to controls, the majority of studies measured malondialdehyde (14 studies), one measured 4-hydroxynonenal, one measured oxidized low-density lipoprotein, and two measured F 2 -isoprostane. Lipid peroxidation markers were most often measured from plasma (nine studies), although five studies measured from serum, two measured from cell membranes, and two measured from multiple tissues and concentrations were therefore pooled (mixed). Across included studies, six studies included antidepressant-naive patients, four studies included patients using antidepressant medications at the time of study, two studies included patients with prior exposure to antidepressant medications but who had completed a washout phase (durations of 4 weeks and 12 weeks), and there were six studies for which prior exposure to antidepressant medication could not be clearly determined.
Of the five studies, which reported an antidepressant intervention component, all measured malondialdehyde and four-sampled plasma. Selective serotonin reuptake inhibitors were the most common intervention (three studies), although two studies used several classes of antidepressant as prescribed for individual patient needs.
MDD vs healthy controls
Lipid peroxidation data from 17 studies [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] (one with two depressed and two control groups 36 ) were meta-analyzed. Depressed patients demonstrated significantly greater concentrations of lipid peroxidation markers than healthy controls; however, significant heterogeneity was detected ( Figure 1) . A funnel plot and Egger's test also indicated a potential risk of publication bias (t=4.08, P,0.01). However, the observed elevation in the concentrations of lipid peroxidation markers in depressed patients remained significant after adjusting for potential publication bias using a trim and fill procedure (adjusted SMD =0.49 [0.22-0.77], z=3.51, P,0.01).
Potential sources of heterogeneity were investigated. Subdividing groups of studies by the lipid peroxidation marker species, tissue sampled, and prior exposure to antidepressant medications did not account for the heterogeneity across all studies, although heterogeneity was eliminated in certain subgroups ( 
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Lipid peroxidation in major depression 2 =36.7%). Despite the heterogeneity, significant differences in concentrations of lipid peroxidation markers between depressed patients and controls were observed in all subgroups.
effects of antidepressants
A subset of five studies 25, [28] [29] [30] [31] (one study with two treatment groups 30 ) investigated the effect of antidepressant pharmacotherapy on markers of lipid peroxidation in depressed patients. Lipid peroxidation was significantly reduced after antidepressant treatment in depressed patients and significant heterogeneity was not detected (Figure 3 
Assessment of study reporting quality
Fifteen of the 17 meta-analyzed studies satisfied the majority of reporting quality items (Table S2 ). Of the studies that included a treatment component, four of the five satisfied the majority of reporting quality items (Table S2) 
Discussion
This meta-analysis suggests an association between increased lipid peroxidation in peripheral blood samples 
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Lipid peroxidation in major depression and the presence of MDD. This finding is consistent with a general increase in oxidative stress in those with depressive symptoms 7, 42 and provides evidence for a specific elevation of lipid peroxidation. However, inferences from our results differ from those of previous meta-analyses because of our particular study design. While previous meta-analyses included a wide-range of studies measuring depression using both standardized and nonstandardized scales, and/or included patient populations with comorbid psychiatric or medical illnesses, conditions that by themselves have all been implicated with increased oxidative stress, [43] [44] [45] [46] our meta-analysis focused exclusively on clinically-defined unipolar depression as a primary disorder, measured using standardized criteria, rather than in conjunction with a comorbid illness. As such, the results of this meta-analysis pertain specifically to the potential role of lipid peroxidation markers in a more homogeneous set of patients with depression. This enables us to make inferences regarding lipid peroxidation as part of depression pathophysiology more directly and builds on the positive findings of previous meta-analyses.
Beyond a collective increase in lipid peroxidation markers among patients with major depression, this study identified a linear relationship between greater depressive symptom severity and a greater degree of lipid peroxidation in patients with MDD, which accounted for a large portion of the variability across studies. This finding suggests that lipid peroxidation may be particularly relevant to the management of more severely depressed patients.
Elevated lipid peroxidation in peripheral blood may indicate a systemic elevation of oxidative stress and a failure of the antioxidant system to sufficiently neutralize the increased production of reactive oxygen species in MDD. 11 Accordingly, oxidative stress may be a plausible link between MDD and several consistently comorbid medical conditions which are also characterized by oxidative stress, such as coronary artery disease, diabetes mellitus, and other chronic physical disabilities. 2 Whether oxidative stress generally, and lipid peroxidation specifically, in MDD originates in the periphery or in the central nervous system is unclear, and likely not consistent across cases. Nevertheless, evidence increasingly suggests that MDD pathophysiology may be related to aberrant inflammatory/immune/oxidative activity in the periphery. 9 The link between the presence of elevated peripheral concentrations of lipid peroxidation markers and neuropathological abnormalities on magnetic resonance imaging is also becoming clearer, 47 supporting a role for peripheral concentrations of lipid peroxidation markers in MDD and its associated neuropathology.
The presence of lipid peroxidation in MDD may have important mechanistic implications. Specific markers of lipid peroxidation may indicate nuances in the pathways that led to the peroxidation of that lipid. Inflammatory and, more recently, neurodegenerative lipid mediators are emerging as relevant to MDD pathophysiology 12 and may confer changes to the activity and regulation of relevant pathophysiological components such as the monoamines, 48 inflammatory cytokines, 49 and/or neurotrophins. 50 Consistent evidence also demonstrates that lipid peroxidation and other oxidative species can generate immunogenic neoepitopes, which can activate autoimmune responses associated with MDD pathophysiology. 9, 32, 51 Collectively, those changes can not only disrupt mood-regulating neural circuits 6 but also lead to activation of neurodegenerative processes. 12, 13 Neurodegenerative processes may, in turn, contribute to increased sensitization to depressive episodes, leading to an increased episode frequency and duration. 13 The majority of included studies measured malondialdehyde, which is a later-stage lipid peroxidation product that results from peroxidation of polyunsaturated fatty acids. Not only may malondialdehyde indicate ongoing oxidative stress processes, but it may also indicate ongoing production of proinflammatory lipids derived from arachidonic acid metabolism, both of which are relevant to MDD pathophysiology. 52 Unfortunately, few other markers were measured by the included studies, precluding the exploration, and therefore interpretation, of marker differences related to MDD.
Of relevance to the interaction between oxidative stress and polyunsaturated fatty acids is the emerging potential role for omega-3 fatty acid supplements as a treatment for depressive symptoms. 53 Omega-3 fatty acids are vulnerable to nonenzymatic peroxidation, which can result in the production of oxidative lipids such as 4-hydroxyhexenal. Though such omega-3 fatty acid peroxidation may increase resilience to oxidative free radicals, and possibly contribute to the purported antidepressant efficacy of omega-3 fatty acid supplements, it has been suggested that continued peroxidation of supplements in the context of persistent oxidative stress and long-term supplement use may be ultimately harmful to those with depression. 54 Characterization of the antidepressant metabolites of omega-3 fatty acid supplements and the long-term effects of supplement use in those with depression may substantiate this potential harm and provide mechanistic insight into supplement efficacy.
This meta-analysis also found that treatment with antidepressant medications is associated with a consistent reduction in concentrations of lipid peroxidation markers over time. 
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Mazereeuw et al antidepressant medication used or to the duration of treatment. Although a significant correlation between the reduction in concentrations of lipid peroxidation markers and a reduction in depressive symptom severity was not observed, it is possible that the two may still be mechanistically linked, but may not be temporally synchronized. Collectively, these findings are concordant with qualitative reviews describing antidepressant benefits for lowering oxidative stress generally 55, 56 as well as individual studies describing antidepressant effects on lipid peroxidation markers in the brain and periphery in animal models, [57] [58] [59] which may stem from reductions to the production of initial free radical species such as hydroxyl radicals and superoxide anions.
60
Limitations
The presence of significant heterogeneity across included studies required the use of random effects models, which produce wider confidence intervals, and thus a more conservative measure of statistical significance. It is therefore possible that this meta-analysis did not detect truly significant relationships between certain study variables due to the conservative nature of the random effects models used. This meta-analysis attempted to limit the variance among included depressed groups by including only studies with MDD patients identified using standardized criteria (rather than community screening scale cut-offs) and those, which excluded patients with comorbid psychiatric and medical illnesses. Despite these efforts, interpretation of the meta-analytic findings was limited by inconsistent reporting of participant medical, medication, and/or dietary characteristics in the included studies. For example: not all of the included studies sufficiently reported demographic information, particularly related to the history, subtype, and/or treatment history of depression, and as such, interpretations of the relevance of lipid peroxidation to different presentations of MDD could not be attempted. It is important that these sample characteristics be reported by future studies using a depressed sample so that the influence of disease heterogeneity on biomarker results can be better understood. Of particular interest for future meta-analyses would be investigation of potential differences in lipid peroxidation between recurrent and first-episode depression, as this distinction might elucidate the oxidative stress -antioxidant dynamic after several recurrent depressive episodes as compared to a first episode. In keeping with this, measuring the concentrations of lipid peroxidation markers at different stages (severities) of oxidative stress would also enhance the mechanistic understanding of oxidative stress to lipids in MDD, and ought to be considered in future studies.
The inconsistent reporting of the change in depressive symptoms after antidepressant treatment limited the exploration of the correlation between change in lipid peroxidation and change in depressive symptoms to only four studies. As such, we were unable to fully address the question of whether the change in lipid peroxidation observed with antidepressant use is meaningfully associated with a change in depressive symptoms. Furthermore, inclusion of nonrandomized treatment studies may have introduced bias in the determination of that association, although the lack of randomized studies is a limitation of the literature rather than of this meta-analysis per se. Further exploration of this relationship may be needed for clarification.
This meta-analysis was also limited by the potential for the unreported inclusion of patients with comorbid psychiatric and/or medical disorders, which, if present, may have inflated the concentrations of lipid peroxidation markers in those with depression. However, the study findings remained significant in the subgroup of studies with a low risk of reporting bias, supporting our overall conclusions. The included studies were limited to the examination of peripheral differences in lipid peroxidation and therefore could not confirm a role for lipid peroxidation in the central nervous system in MDD. However, as mentioned, peripheral markers of lipid peroxidation have previously been shown to correlate with neuropathology in psychiatric disorders, 47 indicating their relevance to illness-related processes. Additionally, two of the included studies measured lipid peroxidation markers from more than one sample source, and therefore pooled means and standard deviations were computed for each study. The formula recommended for pooling results in a slight underestimate of the standard deviation, which may have slightly inflated the potential for a significant finding for those studies. However, as only two studies were affected by this, it is unlikely to have influenced the overall finding. Finally, the cross-sectional nature of each included study comparing concentrations of lipid peroxidation markers between those with MDD and controls limited interpretation of causality between the two.
Despite these limitations, the results of this meta-analysis support the continued investigation of lipid peroxidation in the pathophysiology of MDD as well as the potential mechanisms underlying reductions in lipid peroxidation associated with antidepressant pharmacotherapy.
Conclusion
This meta-analysis found that concentrations of lipid peroxidation markers were significantly elevated in patients with 
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Lipid peroxidation in major depression MDD, consistent with a medium to large effect size, and that greater depressive symptom severity was associated with a greater degree of lipid peroxidation. Importantly, antidepressant treatment was associated with a significant reduction in concentrations of lipid peroxidation markers in patients with MDD. These findings support the involvement of oxidative stress generally and lipid peroxidation specifically in MDD. Continued investigation of oxidative stress to lipids and its downstream lipid mediators in MDD pathophysiology is warranted and may be best carried out in antidepressantnaive individuals. 
Note:
The + represents that the study met that criterion, -represents that the study did not meet that criterion, ? represents that it was unclear whether the study met that criterion. Abbreviation: MDD, major depressive disorder.
